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Symbol Description SI Value English Value
d Pellet Major Diameter 4.700e-3 m 1.542e-2ft
Ab Pellet Blockage Area 1.734e-5m2 1.8667e-4ft2
ma Pellet A Mass 6.845e-4 kg 4.691 e-5 slug
mjj Pellet B Mass 6.896e-4 kg 4.726e-5 slug
T Temperature of Air 288 K 518 R
P Density of Air 1.225
kg/m3 2.377e-3
slug/ft3






P Atmospheric Pressure 101.325 kPa 14.696 lbf/ft2
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1.0 ABSTRACT
Very little formal analysis has been done with respect to flow around small
scale projectiles. In late 1991, a local manufacturer of airgun pellets and
related equipment approached RIT to investigate the flow characteristics of
two particular airgun pellet geometries. Initial work was completed with the
RIT wind tunnel through the use of scaled up models of the pellets. The
conclusions of this work showed many interesting results, even though only
the low speed velocity range of the pellets was studied. In order to study the
actual operating velocity range of the pellets, the use of a Computational
Fluid Dynamics program was necessary. The results from the CFD analysis
of the two airgun pellets are presented in this work.
2.0 OBJECTIVES
Several objectives were synthesized at the start of this work. The first
and most important objective was to conduct a flow analysis of the two
fundamentally different shapes for the purposes of comparison. The results of
this flow analysis were then used to predict the performance of the pellets at a
distance of fifty yards. Secondary objectives included the comparison of the low
speed CFD results to the RIT wind tunnel results for validation purposes. In the
process of meeting these objectives, a modeling procedure for analyzing similar
types of geometry shapes was formulated.
3.0 PROBLEM BACKGROUND
3.1 Airgun and Pellet Description
Airgun rifle and pistol shooting has been a popular sport for several
decades, particularly in Europe where heavy restrictions have been placed on
powder burning firearms. The two most popular types of ammunition used for
airgun shooting are steel BB's and lead pellets. Steel BB's are spherical in
shape, and are not very accurate beyond a distance of several yards. Lead
pellets have either a flat, rounded, or pointed leading geometry with a skirted
trailing geometry. This skirted section makes them much more accurate than
steel BB's. The projectiles are propelled down the barrel of the gun through the
use of compressed air. The source of the compressed air can either be from a
spring piston arrangement that must be manually charged, or it can be from a
pre-charged disposable cylinder. Typical barrel exit velocities of the pellets
range from 450 to 1 100 feet per second.
3.2 Fundamental Shapes of the Pellets
The two airgun pellets that were modeled have distinctly different
geometries. The "Brand
A"
pellet (or Pellet A) is shown in Figure 3.2.1, along
with some of its critical dimensions. It has a spherical nose section with a fairly
large waist region. The "Brand
B"
pellet (or Pellet B) is shown in Figure 3.2.2. It
has more of a pointed nose section and a narrower waist than Pellet A. Both of
them have the same overall lengths and major diameters, and weigh
approximately 10.5 grains each. Both
have a hollow region in their skirt backs,
which is primarily for weight reduction. Full
pellet geometry information is





































3.3 RITWind Tunnel Testing
Some analysis of the pellets had already been conducted prior to the CFD
analysis. The RIT wind tunnel was used to test scaled up models of the two
pellet geometries. One of the shortcomings of this analysis was that the RIT
wind tunnel is only capable of producing velocities of up to approximately 200
feet per second. However, even though this is well below the operating range of
the pellets, valuable information was gained from the testing. In addition to
obtaining drag force information, Helium filled soap bubbles were used for flow
visualization comparison of the pellets. This wind tunnel testing was utilized as




FLUENT is a Computational Fluid Dynamics software package that can
be utilized to model fluid flow, heat transfer, and chemical reactions. It utilizes
finite difference approximation methods to solve the governing equations of the
problem that has been defined. FLUENT is capable of modeling steady state,
transient, incompressible, compressible, laminar, turbulent, and porous media
flows.
4.2 Governing Equations
There are several important governing equations that are applicable to
the modeling of the pellet geometries. These governing equations include the
Conservation of Mass, Momentum, and Energy equations.
The Conservation of Mass Equation, also known as the Continuity
Equation, can be expressed as [3]:
ftP^- (Eq'1)
The Continuity Equation states mathematically that the total amount
matter in a
defined system remains unchanged over time.
The Momentum Equation can be combined with the Stokes Equations to
form the Navier Stokes Equation, which can be expressed as the following [3]:
>,-> + Pui"j> --^P^^Fi (Eq- 2)
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The Navier Stokes Equations represent the differential equations of motion for
fluid systems. In other words, they represent Newton's Second Law as applied
to fluids.
The Energy Equation, an alternate expression of the First Law of


















The Energy Equation states mathematically that the total amount of energy in a
given system remains constant with time.
4.3 Solution Method
Each iteration of FLUENT'S solution process involves several steps. They
are outlined in the diagram of Figure 4.3.1 . First, the momentum equations
listed in Section 4.2 are solved using the current values for pressure. This is
done in order to update the velocity field. Next, because the new velocity field
may not satisfy conservation of mass, the mass balance
equation is used to
correct the velocity and pressure fields so that continuity is
attained. The mass
balance equation is a combination of the continuity and momentum equations.
The newest values for the velocity and pressure fields are then used to update
the energy equation as well as the fluid properties.
A convergence check is then
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performed. If the solution has not converged, the solution process is started all
over again at the next iteration count.
In order to solve Equations 1 through 4 that are listed in Section 4.2,
FLUENT converts them from differential form into algebraic form through the use
of a control volume based technique [5]*. Once these equations are in algebraic
form, they can be solved numerically. The control volume technique integrates
the applicable differential equations in each control volume defined by the
problem grid structure. The result of the integration is a finite difference
equation that conserves each quantity for a particular control volume. The
information for each control volume, such as pressure and velocity values, is
stored in the center of each volume [5]. The information is utilized and updated
for each iteration during the solution process.
In order to speed convergence of the solution, an underrelaxation scheme
can be utilized. Underrelaxation parameters are used as a multiplication factor
for the next increment in the solution process before that next increment is
added to the existing solution. For a general property (j), this can be shown as
follows :
$7+l=0)A^+^ (Eq. 5)
where CC represents the underrelaxation parameter. This scheme is necessary
in solving highly non-linear problems with large gradients in order to maintain
stability. The underrelaxation parameters used in FLUENT typically range from
.2 to .7 in size. In general, the higher the underrelaxation parameter value, the
shorter the computation time and the greater the risk of instability.
Numbers in brackets refer to references listed in Section 8.0
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FLUENT reports the remaining imbalances of the equations that are being
solved for the purpose of tracking the progress of the solution. These residuals
are normalized before they are displayed to the user. A problem is considered
to be converged when the sum of the normalized residual values for pressure,
u-
velocity, and v-velocity is below a specified convergence criterion. The
convergence criterion can be chosen depending on how accurate a solution is
desired or necessary. Decreasing the convergence criterion value typically
increases the number of iterations required to reach convergence, but may or
may not improve the solution results.
4.4 Modeling Limitations
Because FLUENT uses a four-sided structured grid arrangement for two-
dimensional problems, there are some limitations to its modeling capabilities. In
some instances, the problem at hand must be modified to fit FLUENT, rather
than modifying FLUENT to fit the problem. For geometries that can not
accommodate four sided grid elements, a non-structured grid software package
must be used. An example of a geometry that would work best with a
non-
structured grid is an airfoil, due to its sharp trailing edge.
4.5 Portions of Fluent
The FLUENT software package contains a separate geometry generation
package called PreBFC, which stands for "Pre-Boundary Fitted Coordinates".
PreBFC allows the user to create the geometry and grid structure for the
problem being modeled. Once the grid has been created in PreBFC, it
is
imported into FLUENT for the actual flow calculations and results presentation.
11
4.6 General Modeling Procedure
The first step in modeling a flow problem involves laying out the geometry
and analysis regions of interest. It is recommended that the problem geometry
be modeled on paper or a true CAD system for conceptualization purposes
before it is entered into PreBFC. This allows the user to decide how the
geometry will be most easily entered into PreBFC, because PreBFC lacks the
full power of a true CAD package.
There are several types of geometry boundaries that can be specified
within FLUENT for creating the geometry and overall analysis region. The
boundary types that can be specified include inlets, exits, walls, and symmetry
boundaries. There are two types of inlet boundaries that can be specified. A
velocity specified inlet condition requires that the flow velocity components be
denoted along the problem boundary. The inlet velocity can be specified as
either a uniform velocity, or a velocity profile function along the boundary. A
pressure specified inlet condition requires that a gage pressure be indicated
along the problem boundary. Unlike the velocity inlet, flow is permitted move in
either direction across the pressure inlet boundary. This type of inlet is
recommended for use as an exit boundary in external flow problems where the
patterns of downstream velocities are unknown. If a zero gage pressure is
specified as the boundary condition, the pressure at the boundary is equal to the
atmospheric pressure that has been specified by the user. In addition to using
inlet boundaries in a flow exit capacity, there is also a standard exit boundary
available for more simple models. Flow is only permitted to cross a FLUENT exit
boundary in one direction. For this reason, it is recommended that a pressure
specified inlet be used in place of a FLUENT exit boundary for external flow
problems, or in problems that may have recirculation regions near problem
boundaries.
12
Wall boundaries are used to define the various wall regions of the flow
problem. Particles in the fluid flow are not permitted to move across a wall
boundary. In addition, the velocity of the particles in contact with the wall can be
specified. In this way, models such as Couette flows can be constructed. The
default value for the particle velocity at the wall is zero, resulting in a no-slip
condition. If a flow problem has symmetrical properties, symmetry boundaries
can be used so that only a portion of the problem geometry needs to be
modeled. This allows for either a savings in computation time due to reduced
overall grid size, or for increased grid resolution for the same overall grid size.
Both plane symmetry and rotational symmetry can be utilized when modeling a
problem in FLUENT. Therefore, if a problem is axisymmetric, only a half plane
of the model needs to be constructed. If certain phenomena such as vortex
shedding are of interest, symmetry boundaries should not be used.
Once the geometry has been modeled, an appropriate computational grid
must be chosen for the analysis. The computational grid configuration is chosen
within PreBFC. The computational grid is orthogonal in nature, and for
three-
dimensional models, is oriented in the (i,j,k) coordinate system. For
two-
dimensional models, it is oriented in the (i,j) coordinate system. The purpose of
the computational grid is to partition the analysis region into discrete areas or
volumes. The flow information for each area or volume is stored at the grid cell
centers.
After the geometry has been entered and the
computational grid size has
been chosen, the two entities need to be linked together. This linking is
accomplished through a grid mapping process called interpolation.
The grid
mapping process determines each geometry
feature's location on the
computational grid. A set of mathematical transfer equations is used to relay
information between the computational grid and the geometry. The result of the
13
grid mapping between the geometry and the computational grid is defined as the
physical grid structure. The physical grid structure graphically shows the user
how the computational grid has been distributed along the problem geometry.
While the physical grid is not used for actual calculations, it is very useful to the
user to ensure that the problem has been properly formulated. Examples of
physical grid structures are presented later in this work.
4.7 FLUENT Output
There are numerous options for displaying the results of a Fluent flow
analysis. Results can be displayed in either numerical or visual format.
Numerical information on individual node points, as well as summarized values,
can be obtained. Table 4.7.1 is an example of a wall force summary output from
FLUENT.
Table 4.7.1 : Numerical Summary Output from FLUENT
UNITS IN X (AXIAL) DIRECTION = NEWTONS
UNITS IN Y (RADIAL) DIRECTION = NEWTONS
WALL NORMAL FORCES SHEAR FORCES
ZONE X-DIR. Y-DIR. 2-DIR (')
O.OOOE+00
X-DIR. Y-DIR. Z-DIR (*)
D O.OOOE+00 O.OOOE+00 O.OOOE+00 0.000E+00 O.OOOE+00
W1 3.454E-0 1 1 085E+00 O.OOOE+00 1.707E-02 1 065E-02 O.OOOE+00
W2 - 7.043E-07 4.425E-01 0.000E+00 2.810E-03 - 4.973E-10 0.000E+00
W3 4.520E-01 6.896E-01 O.OOOE+00 - 1.796E-03 1.177E-03 O.OOOE+OO
W4 7.583E-02 2.852E-01 O.OOOE+00 - 2.470E-03 4.435E-04 O.OOOE+00
WS - 1 850E-01 - 7.612E-01 O.OOOE+OO 1.958E-03 4.759E-04 0.000E+00
W6 4.082E-01 - 2.135E-02 O.OOOE+00 3.916E-04 4.013E-04 O.OOOE+00
(*) UNITS: = METERS
*
IMEWTONS
TORQUE SUMMATION : O.OOOE+OO
FLUENT reports the forces on all of the walls defined in the problem. When a
problem is modeled in three dimensions, the wall forces are reported in units of
14
Newtons. For two dimensional problems, the wall forces are also reported in
Newtons, but with the assumption of a unit depth of one meter in the third
dimension. When a problem is specified as being axisymmetric in nature, the
wall forces are reported in units of Newtons per radian. In order to sum the total
wall forces on the body, the reported wall forces need to be multiplied by a factor
Of2vT.
Visual results can be obtained from the graphics post processing portions
of FLUENT. FLUENT has options for viewing contour plots of items such as
pressure, density, and velocity fields. These plots are displayed on top of the
physical grid structure. Examples of visual output are presented later in this
work. One of the most useful types of visual output for flow related problems is a
velocity vector plot. The velocity vector plot allows for an
overall qualitative
analysis of the solution results.
15
5.0 PELLET MODELING PROCEDURE
5.1 Assumptions Made During Modeling
There were several assumptions that were made when constructing the
pellet models. The most important assumption was that the flow around the
pellets is steady and symmetric in nature. This was necessary so that only a
section of the pellet geometries needed to be modeled. It was also assumed
that there were no crosswind effects on the pellet, and that there was no change
in the trajectory of the pellet during flight. In real flight conditions, the flow may
not be exactly along the longitudinal axis of the pellet due to pellet trajectory and
the presence of crosswinds. The rotational spin of the pellets was neglected.
As a pellet travels down the gun barrel, the lands and grooves of the rifling in the
barrel impart a stabilizing spin on it. The exact amount of pellet spin as it leaves
the rifle barrel is not easily quantifiable, so it was assumed that no rotation
occurred for the FLUENT model. A slight amount of deformation to the pellet
occurs as the lands and grooves of the barrel's rifling impart the stabilizing spin
on the pellet. Minute spiral deformation marks on the pellet can be observed
after it has been fired. A slight amount of deformation also occurs to the pellet
skirt as it travels down the gun barrel. This deformation is the result of the
compressed gas charge expanding the skirt section as the pellet is forced
down
the barrel. For the purposes of modeling the pellet, it was assumed that no
pellet deformation occurred. This assumption was made because the actual
amount of deformation is slight, and occurs mainly in the trailing section of the
pellet geometry.
16
5.2 Validation Experiment with Cylinder and Sphere
In order to ensure that the proper grid structure and calculation
parameters were used for modeling the pellets, a grid validation experiment was
conducted. This validation experiment consisted of modeling two types of flow
problems that are similar the to pellets. These two problems consisted of flow
over an infinitely long circular cylinder, and flow over a three-dimensional
sphere. Extensive experimental work has been performed on these two
problems, which makes them ideally suited for numerical program validation.
Successive runs and comparisons to experimental results were made with the
cylinder and sphere problems for several Reynold's numbers. Once the grid
structure was finalized, it was held fixed, and program runs over a wide range of
Reynold's numbers were conducted. A table of drag coefficient values for the
cylinder and sphere over the range of Reynold's numbers tested is located in
Table 5.2.1.
Figure 5.2.1 compares the FLUENT drag coefficient vs Reynolds number
results for the cylinder with the accepted experimental curve [6]. The FLUENT
results compare quite well with the experimental curve for a Reynold's number
range of 60 to 20,000. For the laminar to turbulent flow transition range,
FLUENT would not converge to a solution with the selected set of grid
parameters. Once the flow became turbulent, FLUENT would again converge to
a solution. For the turbulent Reynold's number range of 400,000 to 1
.0E6,
the
FLUENT results compare well with the experimental curve. Figure 5.2.2
compares the FLUENT drag coefficient vs Reynolds number values for the
sphere problem with the accepted experimental curve [6]. It can be seen from
the figure that the FLUENT results for the sphere compare quite closely to the
accepted experimental results. Solution convergence was obtained over the
17
TABLE 5.2.1 : DRAG COEFFICIENT VS. REYNOLD'S NUMBER



















1.0 E 4 0.94 0.53
1.5 E4 0.92 -
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entire range of Reynold's numbers tested, even for the laminar to turbulent
transition range.
The Cd vs Reynold's number for the sphere plot in Figure 5.2.2 also
contains three data points obtained from the testing of a four inch model sphere
in the RIT wind tunnel. This was done as a validation exercise for the wind
tunnel in order to ensure that equipment was functioning properly. The
experimental wind tunnel test data for the sphere is located in Table D.1.
The validation experiment resulted in several important parameters being
chosen. They are summarized in Table 5.2.2.
Table 5.2.2 : Fluent Calculation Parameters
Parameter Value
Grid Weighting Factor 20
Velocity Underrelaxation Parameter .7
Pressure Underrelaxation Parameter .6
Viscosity Underrelaxation Parameter .4
Convergence Criterion Value .001
The grid validation experiment resulted in a grid structure that can be
used to model similar axisymmetric external flow problems with better
understanding, and a higher amount of confidence. The grid
structure was
shown to be valid across a wide range of Reynold's numbers. Full results of the




Actual size models of the pellets were created through the use of PreBFC.
When the completed models were later imported into FLUENT, they were scaled
up 22 times to a diameter of 4 inches. This was done for comparison to the
testing that was conducted in the RIT wind tunnel. At speeds greater than
approximately Mach .6, where the drag coefficient is not a strong function of the
Reynold's number [6], the same model was used to predict the final velocity of
the actual size pellets.
The trailing region of Pellet B was modified slightly in the FLUENT model
in order for the grid structures and outer analysis regions for the two pellets to
be consistent with each another. The modification allowed for the analysis
results between the two pellets to be more directly comparable. Figure 5.3.1
shows the modifications that were made. The rounded trailing edge of the pellet
was made sharper by shortening the overall length slightly, while still
maintaining its major diameter of . 1 85 inches. If the rounded edge had not been
removed, then the outer analysis region boundary for Pellet B would had to have
been rounded off as well, making the grid structures of the two pellets distinctly
different. Figure 5.3.2 shows the physical grid structure that would be used if the
rounded section were present on the pellet trailing edge. In addition to the
rounded outer analysis region boundary, the grid density near the pellet wall is
fairly high, which could result in convergence difficulties for certain velocity
ranges. The actual grid structure that was used for Pellet B is discussed in
Section 5.4.
It is recommended that a model be constructed in a relatively powerful
CAD package prior to being modeled in the PreBFC geometry
generation
program. This is due to the inability of PreBFC to perform complex geometry








































































able to find the necessary angles and coordinates of points that make geometry
entry in PreBFC much easier.
5.4 Modeling Region Description
Figures 5.4.1 and 5.4.2 denote the overall analysis region used for the
pellet models. The analysis region shape was chosen such that it followed the
contours of the pellet bodies and provided adequate gridding upstream and
downstream from the pellets. The overall analysis region diameter chosen was
slightly larger than five times the size of the pellet diameters. This is slightly less
than what was chosen for the grid validation experiment, but it was necessary in
order to keep grid size reasonable.
Several types of flow boundaries were utilized in formulating the pellet
models. Two types of flow inlet boundaries were used in the development of the
pellet models. A velocity specified inlet boundary was used for the flow entrance
regions labeled as INLET 1 in Figures 5.4.1 and 5.4.2. In this way, an explicit
free stream velocity could be specified for each problem run. A pressure
specified inlet boundary was used for the flow exit regions labeled as INLET 2.
A gage pressure of zero was specified, so that the boundary pressure was equal
to the specified atmospheric pressure of 101 kPa. Flow is permitted to cross a
pressure specified inlet in either direction, which can be useful when the flow
characteristics downstream of the body being modeled are unknown. The
axisymmetric qualities of the pellets allowed for the use of symmetry geometry
boundaries in the FLUENT models. The symmetry boundaries are identified as
SYMMETRY 1 in Figures 5.4.1 and 5.4.2. In addition to these symmetry
boundaries, the models were also specified as being rotationally symmetric. The
walls of the pellet models were defined using wall boundaries. The pellet walls





































feature could be calculated. Figures 5.4.3 and 5.4.4 show the wall sections that
were defined for the two pellet models. Each of the corresponding wall sections
of the pellets was made approximately the same length for ease of results
comparison. The arc lengths of the walls are presented in Table B.1 . A
complete listing of the geometry point coordinates and geometry curve
formations is presented in Tables B.2 and B.3, respectively.
5.5 Computational Grid
The size of the computational grid that was chosen for the pellet models
was based on the results of the grid validation experiment. A 77 X 77 grid was
used for the cylinder and sphere problems in the validation experiment. In order
to keep the same grid density for the pellet models, the grid size in the I-
direction was increased slightly. This resulted in a 100 X 77 grid being used for
the pellet models, with an overall size of 7,700 computational cells. The
computational grid needs to be as fine as possible, but not so fine that
convergence difficulty is created. The grid must also be chosen such that
convergence times are reasonable for the computer system that is being used.
5.6 Geometry to Computational Grid Mapping
Figures 5.6.1 and 5.6.2 show the grid mapping diagrams that were used
to distribute the two pellet geometries on their respective computational grids.
The assigned location of each of the geometry points on the computational grid
determines the number of computational cells devoted to a particular region of
the geometry. Typically, several trials of the grid mapping process are required
to develop the proper mapping arrangement. The actual (i,j)
coordinate values
for the pellet geometry points on the computational
grid are located in Table B.4.
























(55,20) for representing the pellet body sections. This was necessary in order to
form a grid pattern that progressed smoothly from one interpolation region to the
next. There were four separate four-point interpolation regions and three two-
point interpolations used for each of the pellet models. Each of the four-point
interpolation regions defined the gridding in one section of the analysis region.
The two-point interpolations were place along the boundaries of the four-point
regions so that the grid weighting factors could be applied. The grid weighting
factors that were used for constructing the pellet models are presented in Table
B.5. The grid weighting factors that were applied in the
"j"
grid direction were
used to create a more dense gridding structure near the walls of the pellets. In
general, a grid weighting factor of 20 was used to compress the gridding
toward
the pellet surfaces. The grid weighting factors that were applied in the
"i"
direction were used to smoothen the transition from one interpolation region to
the next.
5.7 Physical Grid
The end result of the grid mapping process can be displayed
as a
physical grid structure. The physical grid for Pellet A is shown in Figures
5.7.1
through 5.7.3, while the physical grid for Pellet B is shown in
Figures 5.7.4
through 5.7.6. It can be seen from these figures that the two grids
compare quite
closely with each other with
respect to grid density and the transition from one
region to the next. As mentioned previously, the physical grid
is not used for the
actual calculations, but is used to determine
how well the geometry is assigned








































































































































5.8 Calculation Parameters Entered
The underrelaxation parameters that were used in modeling the pellets
are the same values that were developed in the validation experiment, which are
listed in Table 5.2.2. With the use of these values, convergence was usually
achieved in approximately 650 iterations. Calculations were performed on Ultrix
based Decstation 2000 platforms, and typical times to convergence were on the
order of one hour.
The results from the validation experiment in Appendix A showed that the
default convergence criteria of .001 is acceptable for use in the models.
Convergence criteria values of .0001, .0015, and .002 were also tried in addition
to the default value in order to investigate their impact on the results reported by
FLUENT. It was found that there was no significant difference in the results
when these values were used instead of the default criterion, so the decision
was made to stay with the default value. FLUENT uses the
sum of all of the
residual values of the normalized solution equations as a convergence criterion.
When the sum of the normalized residual values is less than the convergence
criterion, the solution is considered to be reached.
5.9 Physical Conditions Entered
The physical conditions that were entered into FLUENT are located in
Table 5.9.1 . Successive runs of the pellets models were made
for various
velocities. For the velocity range of 50 ft/sec to
400 ft/sec, program runs were
made in increments of 25 ft/sec. Program runs were then
made in increments of
50 ft/sec up to the maximum value
of 850 ft/sec.
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Velocity Range 15.24- 259 m/sec 50 - 850 ft/sec
Density of Air 1.225 kg/m3 2.377e-3 slug/ft3
Viscosity of Air
1.789e-5N*sec/m2 3.738e-7 Ibf*sec/ft2
Operating Pressure 101.325 kPa 2.116e+3
lbf/ft2
6.0 RESULTS
6.1 Low Speed Numerical Results
The actual size models that were created in PreBFC were scaled up to 22
times their size upon importation into FLUENT, in order to match the size of the
models that were tested in the RIT wind tunnel. Program runs in the 50 to 225
ft/sec velocity range were made before progressing to the actual operating
velocity range of the pellets. Drag coefficient values for these velocities are
listed on Table 6.1.1, and a plot of the values is shown in Figure 6.1.1. Results
are displayed in terms of velocity rather than Reynold's number in order to keep
the objectives of the work in mind. It can be seen from these results that Pellet A
has consistently lower Cd values than Pellet B in this velocity range.










































































6.2 Wind Tunnel Results
The RIT wind tunnel was used to conduct testing on scaled up models of
the pellets. Because the maximum velocity of the wind tunnel is approximately
200 ft/sec, only low speed testing was completed. A table of drag coefficient vs
velocity points is presented in Table 6.2.1 , and a plot of these values is shown in
Figure 6.2.1 . The raw wind tunnel data that was recorded during the wind tunnel
testing is located in Tables D.2 and D.3.
6.3 Low Speed Results Compared to Wind Tunnel Results
Once the low speed FLUENT and wind tunnel results were obtained, they
were compared to each other. Figure 6.3.1 contains plots for the FLUENT and
wind tunnel drag coefficient vs velocity curves for Pellet A. These two curves
compare quite closely with each other. The wind tunnel data points have a little
more variability to them than the FLUENT points, but this can be expected due
to their experimental nature. Figure 6.3.2 contains the FLUENT and wind tunnel
drag coefficient vs velocity curves for Pellet B. The two curves follow the same
general trend, but do have more of a discrepancy between them than the curves
for Pellet A. It is uncertain exactly why such a discrepancy is present for only
one of the pellets. It may be possible that it is due to the instability of the Pellet
B geometry at lower velocities, or the particular wind tunnel setup and conditions
for that trial run. In general, the FLUENT results for Pellets A and B compare
well with the wind tunnel results, and follow the same trends.
6.4 High Speed Numerical Results
After low speed FLUENT results were deemed to be acceptable, program
runs were continued with the four inch model sizes up to a maximum velocity of
850 ft/sec. The use of the four inch model was based on the assumption that the
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TABLE 6.2.1 : DRAG COEFFICIENT VS. VELOCITY











47.7 0.37 47.9 0.60
51.9 0.48 67.7 0.34
70.9 0.37 88.0 0.31
71.8 0.43 116.3 0.41
96.8 0.36 129.2 0.36
113.1 0.39 139.1 0.42
123.4 0.35 149.0 0.44
134.0 0.36 157.4 0.42
136.0 0.39 172.5 0.40
154.8 0.38 179.3 0.37
157.1 0.37 187.8 0.38
164.9 0.37 196.5 0.40














































































































































































































































































pellets behave similar to a sphere in that drag coefficient is not a strong function
of Reynold's number at Mach numbers greater than approximately .6 [6].
The two different fundamental geometries of the pellets produced
significantly different results for the individual wall sections, while producing a
minor differential in overall result. Table 6.4.1 shows the individual wall force
components on the two pellets at velocities of 50, 400, and 800 feet per second.
As previously stated, the wall locations are shown in Figures 5.4.3 and 5.4.4,
and the wall lengths are presented in Table B.1. The wall force components
consist of normal forces, which are due to the presence of pressure gradients,
and shear forces, which are due to direct viscous action of air on the pellet walls.
Several observations can be made from the table. For both of the pellets, the
normal force contribution is significantly larger than the shear force contribution
to the overall wall force values. For Pellet A, Wall 3 provides the greatest
contribution to total normal force. Wall 3 is the region located just behind the
crest of the leading geometry. Wall 1 provides the greatest contribution to total
shear force. This can be expected, because Wall 1 defines the leading edge
and has the longest length. For Pellet B, Wall 1 provides the greatest
contribution to both total normal and total shear forces. Wall 1 defines the
leading edge of the Pellet B, but does not have the longest length. A complete
listing of wall forces for all of the velocities at which the pellet models were run is
located in Table C.1.
The wall force reports for each pellet velocity were converted to drag
coefficients for comparison purposes. An example calculation for the drag
coefficient of Pellet A at a velocity of 800 ft/sec (243.8 m/s) is shown
as follows :


































































CO CM 00 IV LO <* o




















































































































































O CO cn CO o






























































































































































































OO CM cn CO CN
O co O ,, o O LO O o o o
o z o









O o o o o
LL o LLI LLJ LU
i




1 1 1 LU
+






CO CM CM 00
r> LU CM LU o CO




> 00 CM o
T
o 'kt LO 00 *t
iv

























2 CO CN LO C) CM CO <N cd
3
*""
"-,"" 1 ** 1 r *" LO 1 CO '"" CO cb
_l
QC
UJ _j _1 _J
<
15






























In order to find the axial drag force (Fq) on the pellet, the normal and shear
forces reported by FLUENT in the axial direction for a velocity of 800 ft/sec must
be summed. These normal and shear force values are located in Table C.1, and
are 1.593E+01 N and 9.254E-02 N, respectively. The total drag force in the
axial direction is therefore 1.602E+01 N. Entering the value for the drag force








A table of drag coefficient values for Pellet A and Pellet B for the velocity range
of interest is located in Table 6.4.2, and plots of these results are located in
Figure 6.4.1. The drag coefficient curve for Pellet A is significantly more stable
throughout the entire velocity range. It is suitable for use over a wider range of
velocities than Pellet B.
6.5 Visual Results
Figures 6.5.1 and 6.5.2 show velocity contour plots for Pellet A and Pellet
B, respectively, for a velocity of 800 ft/sec. It can be seen from these figures that
Pellet B has a slightly wider wake region that Pellet A, and therefore a higher
drag coefficient value. Figures 6.5.3 and 6.5.4 show velocity vector plots for
Pellet A and Pellet B for a velocity of 800 ft/sec. The largest velocity vectors for
each of the pellets are located right at the leading geometry sections. The
recirculation regions in the waist sections of the pellets can also be clearly seen
in these plots.
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TABLE 6.4.2 : DRAG COEFFICIENT VS. VELOCITY

















































































































































































_J CD 1.11 3





O O O O o
UJ LU UJ LU LU
CD IS. CD -* ro
** ro f\J -r-I o
+ + + + +





+ + + +
LULUUJUJUJUJUJUJUJUJUJUJLULLl
CD 00 CD LD r0 O 00 CD LO
M M 'OCDNfflLn^riMomcONfflLO^lAI-'
ro ro ro ro r\i r\j r\j r\j r\j t\i r\i r\j - -i rt ,- .-. * . **,.**



















































LiJftiilLkJJkJJLUlJJkJJkJJUJkJJUJ LU ^ LU UJMW'ai; fc^iiJ y]
hl\IQO)i>kO^WN O) S CD ^ H o oo is cd <* ro
^WnnMNMMMM(M(\l(\l(\l(MMH
+ + + + + + + I
UJ UJ UJ UJ UJ UJ UJ UJ
(M^CD-'CDOinM
O N (M CO W O) * O













X ,\ ,\ ,\ ,\ A A A A A A A A A A A .\
c5 o d c^ & o o & ^e> -o "<r> o cr> xr> >o o 'd.
-i- + '+ + =f
:i- 4- + + + + 4- + + # -> -f- /r
U. .. UJ ;. li UJ Li - ...J -iJ UJ Li uJ lu ^ tjj UJ UJ
.
-
>a tn o m 5 Uf, 2
,r- o to o (rt o
-.. -* w .-I o aA i/i 4 N v* m oo to u) ro tAj o





















6.6 Prediction of Final Velocity
The velocities of the two pellets at a point fifty yards beyond the barrel
exit were predicted using the drag coefficient data that was generated by
FLUENT. Assuming that the drag coefficient vs velocity curves in Figure 6.4.1
are linear in the actual operating range of the pellets, these curves can be used
to estimate the velocities of the pellets at a particular distance of interest when
given a barrel exit velocity. As previously stated, the equation for the Drag





Newton's Second Law can be expressed as the following
Fd = m*a = m*V*^ (Eq. 7)
dS






It can be seen by observing the plots in Figure 6.4.1
that the higher velocity
portion of the drag coefficient curves have linear
characteristics. The portions of
the curves from 650 ft/sec to 850 ft/sec were fit with
the following slope-intercept
equation :
Cd = (a*V + b) (Eq. 9)
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Figures 6.6.1 and 6.6.2 show the straight line curve fits and resulting slope and
intercept values for the 650 to 850 ft/sec region of the Cd vs Velocity plots of
Figure 6.4.1. The slope and intercept values for the curve fit are shown in Table
6.6.1.
Table 6.6.1 : Slope and Intercept Values for Cd Curve Approximation
Pellet A Pellet B
Slope
"a"
(sec/m) 4.00 e-05 1.00 e-04
Intercept
"b"
3.02 e-01 2.73 e-01
Substituting Equation 9 into Equation 8 yields the following separable first order
differential equation :
























































































































































: : : : : V V
: : i
i
i ; : ; : ;






























































































Eliminating the natural logarithm in the equation through the use of exponential






















When the initial velocity and constant values are entered into Equation 16, and




are used for each pellet, values for
velocities at various distances can be predicted. For an initial velocity of 869.34
ft/sec, the predicted velocities of the pellets at a distance of 148.56 feet were
calculated. The velocity of Pellet A at this distance was predicted to be 687.9
ft/sec. The velocity of Pellet B was predicted to be 8.1 ft/sec slower at 679.8
ft/sec. The differential in the predicted velocities can be expected based on the
observation of the curves in Figure 6.4.1.
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6.7 Comparison of Predicted Velocity with Actual Velocity
The values for the predicted velocities at 148.56 feet can be compared to
actual velocities taken with chronograph meters at that distance. The
comparison is shown in Table 6.7.1 .
Table 6.7.1 : Comparison of Predicted Velocities to Actual Velocities
Brand A Brand B
Chronograph Test (ft/sec) 680.85 658.5
Fluent Analysis (ft/sec) 687.9 679.8
Error (%) 1.04 3.23
As can be seen from the table, the predicted velocities are slightly higher
than the actual velocities. This can be expected, because FLUENT is a
numerical package and may not be capable of capturing all of the losses that
actually occur when fluid flows over an object. Even more importantly, the
predicted velocities may be higher due to the modeling assumptions
that were
discussed in Section 5. 1 . The neglect of the spin of the pellets in the FLUENT
model may contribute to the higher predicted
velocities. There is some expected
energy loss of the pellets due to drag resulting from pellet rotation,
although the
actual amount may be uncertain. The neglect of




7.1 Comparison of Pellet A and Pellet B
A noticeable difference in the flow characteristics of the two pellets was
observed through the use of both numerical and visual results from FLUENT. It
can be observed from Figure 6.4.1 that the drag coefficient values of the Pellet A
are lower, and are much more stable, throughout the entire velocity range that
was tested. The velocity vector and contour plots in Figures 6.5.1 through 6.5.4
confirm these conclusions. On the basis of these observations, it can be
concluded that Pellet A is superior to Pellet B in all aspects.
7.2 General Observations
It can be concluded from this work that FLUENT CFD software can be
used to model external subsonic flows with a high degree of confidence. There
were good comparisons between the wind tunnel results and the low speed
FLUENT results. There were also very good results obtained with the velocity
predictions of the pellets at a distance of 50 yards. Overall, the results that were
obtained in this work were much better than the author originally anticipated for
a CFD program.
7.3 Software Limitations
The airflows in the pellet models were assumed to be incompressible in
nature, even for Mach numbers greater than .3. When compressible flow
models of the pellets were tried, the program became highly unstable. The
models diverged rapidly, even when the underrelaxation parameters were kept
very low and compressibility was invoked at the solution
of the incompressible
models. Additional attempts were made with the pressure and heat transfer
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equations temporarily disabled. After many unsuccessful trials, the analysis was
completed using the incompressible models. The grid pattern that was
developed in the grid validation experiment has shown to be highly insensitive to
Reynold's number. Because of this fact, very good results were obtained even
though the incompressibility assumption was made.
7.4 Extension - Future Potential
There are several investigations that could be conducted as extensions to
the objectives of this work. Due to time limitations, they could not be addressed.
The information that was obtained for the pellet models could be used to
pursue alternate geometry designs. FLUENT can be used as a test bed for
future designs without the requirement of several physical model iterations and
the money associated to produce them. The wall force information that was
obtained could be used to modify different wall areas for the purpose of
minimizing drag. For example, the section of the pellets that produced the
greatest wall forces, which was Wall 3, could be altered.
A study could be conducted to investigate the effect of rotational spin on
the pellets. If experimental work was conducted to better determine the actual
amount of spin that is imparted on each pellet, this information could be entered
into the pellet models. FLUENT allows for the entry of a rotational velocity
component of flow in an axisymmetric model.
If even higher velocities of the pellets were to be modeled, it may be
beneficial to use another CFD program that handles compressible models
without becoming unstable. One such program is RAMPANT,
which is produced
by the makers of FLUENT. The solution method in
RAMPANT allows for more
flexibility in solving flow problems. RAMPANT also
has the advantage of using
an unstructured grid approach, which allows more modeling
flexibility.
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An investigation into crosswind stability could be pursued. The sensitivity
of the pellets to varying crosswind strengths and angles could be determined.
This could be done by varying wind strengths and attack angles, and then
observing the corresponding changes in drag coefficient values.
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APPENDIX A: VALIDATION EXPERIMENT
FLUENT ANALYSIS OF FLOW OVER
A CYLINDER AND SPHERE
68
I. INTRODUCTION
The objective of this validation experiment was to formulate a procedure
within FLUENT that is suitable for modeling flow over an axisymmetric projectile.
This was done by first modeling a similar type of geometry that could be
referenced to a known result. Two problems were modeled using FLUENT that
have extensive experimental data published for them. The initial problem
modeled with FLUENT was air flow over an infinitely long circular cylinder, with
the direction of the flow being perpendicular to the length of the cylinder. The
second problem modeled was air flow over a three-dimensional sphere.
Extensive experimental work has been conducted with these two problems,
which make them ideally suited for numerical program validation.
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II. RESULTS
The results from the initial trial runs of the cylinder and sphere problems
were compared to published experimental results, in order to determine if the
parameters entered into FLUENT were appropriate ones. This is a necessary
procedure when making numerical approximations to physical problems. It was
found that some parameters needed to be changed, while others were
acceptable. Once the best combination of parameters was discovered, program
runs were made over a range of Reynold's numbers.
Table A.1 contains Reynold's number and corresponding drag coefficient
values for the cylinder and sphere. The drag coefficient values were calculated
using the wall forces that are provided by the program. FLUENT reports the
normal and shear forces acting on the specified walls of the problem. These
wall forces are then summed by the user to obtain a total drag force. The drag
force can then be converted into a drag coefficient value. Sample calculations
are presented in Sectpn VI. The Drag Coefficient vs. Reynold's number data
sets from Table A.1 were plotted directly on the experimental curves for the
cylinder and sphere [6]. These curves are located in Figures A.1 and A.2. It can
be seen from these plots that FLUENT does an excellent job of matching the
experimental results. Not only do individual points correspond well with the
experimental results for a given Reynold's number, but the trends of the points
capture the changes in the slope of the experimental curve over the wide range
of Reynold's numbers.
Figures A.3 and A.4 show velocity vector plots of the flow over the
cylinder at a Reynold's number of 1000, while Figures A.5 and A.6 show velocity
vector plots for the sphere at a Reynold's number of 1000. It can be seen from
these plots that there is a distinct difference in the recirculation regions of the
two bodies. The recirculation center is much closer to the sphere's surface than
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TABLE A.1 : DRAG COEFFICIENT VS. REYNOLD'S NUMBER
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it is to the surface of the cylinder. The overall length and width of the wake
behind the cylinder is greater as a result.
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III. PROBLEM CONFIGURATION
The geometry configuration that was eventually chosen for analysis is
shown in Figure A.7. Because FLUENT allows for the use of a geometrical
symmetry boundary, only the top half of the cylinder needed to be modeled.
However, if flow visualization were of primary importance, it would be best to
model the whole cylinder in order to be able to capture vortex shedding. The top
half of the cylinder surface was separated into four sections, Walls 1 through 4.
This was done in order to observe the differences between the normal and shear
forces on each wall component. This can be seen in the FLUENT sample wall
force output in Section VI. The geometry structure was then mapped to the
computational grid structure that was chosen. The mapping diagram that was
used is located in Figure A.8. The resulting physical grid structure is shown in
Figures A.9 through A.1 1 . It was initially thought that the sphere problem would
have to be created in true three-dimensional form, but it was later discovered
that FLUENT has a very convenient three-dimensional symmetry modeling
feature. If a three-dimensional problem has rotational symmetry, it can be
modeled as a two dimensional half-plane that is rotated about its axis of
symmetry. This greatly reduces the amount of effort necessary to model a
three-
dimensional problem. The sphere model was created by taking the cylinder






































































































































































IV. PARAMETERS AFFECTING RESULTS
Several parameters that have an effect on the solution outcome were
investigated. These include things such as overall analysis region shape and
size, grid size, grid weighting factor, underrelaxation parameters, and
convergence criteria values. As expected, some of the parameters had much
more of an effect on the solution than others.
The parameters that had the greatest impact on solution results were the
computational grid size and analysis region that were used for the model. Two
different outer analysis region shapes were tried. The first outer analysis region
shape that was used in modeling the cylinder and sphere problems was a
rectangle. The resulting grid structure is shown in Figures A. 12 and A. 13. It can
be seen in these figures that while this type of analysis region allows for a
substantial amount of grid cells downstream from the cylinder or sphere, it also
produces a significant amount of grid skew near the geometry wall surface. The
second outer analysis region shape that was used in modeling the cylinder and
sphere problems was a circle. The resulting grid structure is shown in Figures
A.9 through A. 1 1 . It can be seen from these figures that while the circular outer
analysis region shape does not allow for a very large grid region downstream
from the geometry being modeled, it results in less than one degree of grid skew
from orthogonal at the geometry surface. The circular analysis region was
ultimately chosen for this study, because the
low amount of grid skew near the
surfaces of interest allowed for optimum results. If flow visualization was the
primary concern of this study, rather than
numerical results, the rectangular
outer analysis region shape would be the better choice.
Once the outer analysis shape was determined, an investigation was then
conducted into exactly how large the analysis region
should be. This was done
by changing the outer region diameter with
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diameter, while keeping grid density the same. Outer region diameters of five,
ten, and twenty times the cylinder and sphere diameters were tried. The outer
region diameter of ten times the cylinder and sphere diameters was finally
chosen because it offered the best compromise between solution accuracy and
computation time.
After several grid size trials, 77 X 77 (I X J) grid was finally chosen for
generating the drag coefficient vs. Reynold's number points. This is because it
offered the best trade-off between convergence characteristics and solution
accuracy. A 77 X 77 grid yields slightly under six thousand computational cells.
A 100 X 100 grid was tried and took a significant amount of time longer to
approach convergence than the 77 X 77 grid. This grid size was quickly
removed from the group of grid choices. Another grid size that was tried was a
50 X 60 grid. This grid took less time to converge than the 77 X 77 grid, but it
did not offer as accurate a solution. The 50 X 60 grid was used for parameter
testing purposes because of the smaller convergence times. The 77 X 77 grid
was used for generating the drag coefficient vs. Reynold's number points
because it offered slightly better accuracy.
Another parameter that had some impact on the solution results and
computation times was the grid weighting factor that was selected for the grid
structure. Various grid weighting factors were tried in order to find the best
combination of grid size and grid resolution. For a given grid size, adjusting the
grid weighting factor allows the user to obtain higher grid density in more critical
areas and lower grid density in less critical areas. By making the grid more
coarse in less critical areas, the grid size and resulting computation times are
kept to a minimum. Table A.2 shows the various grid weighting factors that were
tried for the cylinder, along with the associated results that were obtained. As
the grid weighting factor was increase from a factor of 10 to a factor of 40, the
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TABLE A.2 : EFFECT OF WEIGHTING FACTOR ON SOLUTION
TRIAL GRID WEIGHTING FACTOR NUMBER OF ITERATIONS
TO CONVERGENCE
Cd
1 10 190 1.03
2 20 174 1.05
3 30 164 1.04
4 40 189 1.04
CONDITIONS
CYL DIA = .05 M
RE = 1000
GRID SIZE = 50 X 60 (I X J)
UNDERRELAXATION = (VEL = .7), (PRES = .6), (VIS = .4)
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number of iterations required for convergence decreased, but then increased
again. The drag coefficient values increased slightly and then decreased a
small amount. A weighting factor of 20 was finally chosen in conjunction with the
77 X 77 grid for generating the Drag Coefficient vs. Reynold's number curves for
the cylinder and sphere problems. This results in a grid resolution that is
pictured in Figures A.9 through A. 1 1 .
The convergence criteria value that is used in numeric schemes to judge
that an acceptable solution has been found is usually problem dependent in
nature. A test of convergence criteria was conducted to determine the most
appropriate value for the cylinder and sphere problems. FLUENT uses the sum
of all of the normalized residual values as a convergence criterion. The
normalized residual values represent the degree of imbalance of the various
energy balance equations that are being solved. The smaller the normalized
residual value for an equation, the closer the equation is to being balanced.
FLUENT uses a default value of .001 for the sums of the normalized residuals as
a convergence criterion. Convergence criteria values of .0015, .002, and .0001
were tried in addition to the default value, in order to investigate their impact on
the results reported by FLUENT. These convergence criteria values were tried
for the sphere problem at Reynold's numbers of 1,000, 4,000, and 10,000. The
results for the trials are shown in Table A.3. From this data, it can be seen that
the default convergence criterion provided by FLUENT is acceptable for the
problem. The little or no change in the solution from the convergence criterion
values of .001 to .0001does not justify the additional computational time
required for the program to reach a solution.
The underrelaxation parameter values that are chosen for the
problem
have a significant impact on the
computation time of the solution and its ability to
converge. Underrelaxation parameters are
used as a multiplication factor for the
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TABLE A.3 : EFFECT OF CONVERGENCE CRITERIA ON SOLUTION





















CYL DIA = .05 M
GRID SIZE = 50 X 60 (IXJ)
WEIGHTING FACTOR = 30
UNDERRELAX = (VEL = .7) , (PRES = .6 ) , (VIS = .4)
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next increment in the solution process, before that next increment is added to
the existing solution. This is necessary in highly non-linear problems in order to
maintain stability. In general, the higher the underrelaxation parameter value,
the shorter the computation time and the greater the risk of instability.
One thing that can be done to ease the convergence of difficult problems
is to keep the underrelaxation parameters low for the first few hundred iterations
until the solution has shown stability, and then increase the underrelaxation in
order to speed convergence. If the underrelaxation parameters that are used in
the initial iterations are too high, the solution can easily diverge.
Several underrelaxation parameters were tried in order to discover the
best combination for the particular problems at hand. The underrelaxation
parameter values that were tried are listed in Table A.4. It can be seen that
changing the values has a significant effect on the number of iterations required
to converge the problem. The default set of parameter values resulted in the
cylinder problem converging in 575 iterations. Parameter set #1, which seemed
to be the optimal set, resulted in the problem converging in just 164 iterations.
The difference in solution results between the default set and set #1 is minimal.
Parameter set #2 shows what can occur if the underrelaxation parameters are
increased beyond the critical limit. When parameter set #2 was used, the
solution slowly, but ultimately, diverged.
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TABLE A.4 : EFFECT OF UNDERRELAXATION PARAMETER ON SOLUTION




DEFAULT 0.2 0.5 0.2 575 1.05
SET #1 0.7 0.6 0.4 164 1.04
SET #2 0.7 0.7 0.7 DIVERGENCE
-
CONDITIONS
CYL DIA = .05 M
RE = 1000
GRID SIZE = 50 X60 (I X J)
GRID WEIGHTING FACTOR = 30
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V. CONCLUSIONS
The results that were obtained from modeling flow over a sphere and an
infinitely long circular cylinder in FLUENT demonstrate several things. The
various parameters addressed in the previous sections must be adjusted to fit
each flow problem type. The grid structure that was developed is highly
insensitive to Reynold's number. This can be concluded by the fact that the
results were consistent throughout a very wide range of Reynold's number
values. The numerical and visual results that were obtained show that FLUENT
can be used effectively as a computerized wind tunnel. Similar types of flow
problems that do not have extensive amounts of experimental data available for
them can be modeled, provided that the grid structure and modeling conditions
are kept the same. As a result of these conclusions, the modeling procedure
developed in this validation experiment can be used to model flow over
axisymmetric projectiles with a large amount of confidence.
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VI. SAMPLE CALCULATIONS FOR DRAG COEFFICIENT
A. Sample Calculations of Cylinder Cd for a Reynold's Number of 1000
Physical Constant Values and Conditions entered
Density of Air = 1 .2874 kg/mA3
Dynamic Viscosity of Air = 1.711 e-5 N*sec/mA2
Cylinder Diameter = .05 m
Free Stream Velocity = .266 m/s
Fluent Wall Force Output
(NOTE : THE FOLLOWING WALL FORCES ARE FOR THE HALF OF THE CYLINDER THAT WAS MODELED)






































Total:5 : 1.0241E-03 1.1459E-03 0.0000E+00 9.7360E-05
0.OOOOE+00
Summation of Drag Forces (For a Unit Length of One Meter)
X-DIRECTION :
Drag Force per half of cylinder
Total Drag Force (In X-Dir)
= (Normal Forces + Shear Forces)
= (1.0241E-03N + 9.7360E-05N)
= 1.1215E-03N
= 1.1215E-03N + 1.1215E-03N
= 2.2429E-03 N
Y-DIRECTION :
Drag Force per half of cylinder = (Normal Forces + Shear Forces)
= (1.1459E-03N + 1.3350E-04N)
= +1 .2794E-03 N (for top half)
Total Drag Force (In Y-Dir) = +1 .2794E-03 N - 1 2794E-03 N
= 0 N (Top and Bottom Halves Cancel Out)
Calculation of Drag Coefficient (For a Unit Length of One Meter)
Fd
= Total Drag Force = 2.2429E-03 N
p
= Density of Medium (air) = 1 .2874 kg/mA3
U = Free Stream Velocity = .266 m/s
Ab
= Blockage Area of Cylinder = Diameter
*
Length = .05 mA2 (for unit length)


















B. Sample Calculations of Sphere Cd for a Reynold's Number of 1 000
Physical Constant Values and Conditions entered
Density of Air = 1 .2874 kg/mA3
Dynamic Viscosity of Air =1.711 e-5 N*sec/mA2
Sphere Diameter = .05 m
Free Stream Velocity = .266 m/s
Fluent Wall Force Output
WALL FORCES BY ZONE :
UNITS IN X (AXIAL) DIRECTION = NEWTONS


















Totals : 6.5020E-06 1.6070E-05
(*) UNITS = METERS
*
NEWTONS


























Summation of Drag Forces (For a Unit Arc of one radian)
X-DIRECTION :
Drag Force per radian
Total Drag Force (In X-Dir)
= (Normal Forces + Shear Forces)
= (6.5020E-06 N + 2.0373E-06 N)









Drag Force per radian = (Normal Forces + Shear Forces)
= (1.6070E-05N + 1.7254E-06N)
= +1 .7795E-05 N (per radian)
Total Drag Force (In Y-Dir) = (+1 .2794E-03 N
*
n ) - (1 .2794E-03 N
*
n )
= 0 N (Top and Bottom Halves Cancel Out)
Calculation of Drag Coefficient
Fd
= Total Drag Force = 5.3654E-05 N
p
= Density of Medium (air) = 1 .2874 kg/mA3
U = Free Stream Velocity = .266 m/s
Ab




DiameterA2 = 1.9635E-03 mA2





























































































TABLE B.1 : PELLET GEOMETRYWALL LENGTHS
ACTUAL PELLET SIZE









C1 0.1299 3.299E-03 0.1125 2.858E-03
C2 0.0100 2.540E-04 0.0208 5.283E-04
C3 0.0389 9.881 E-04 0.0435 1.105E-03
C4 0.0246 6.248E-04 0.0184 4.674E-04
C5 0.1234 3.134E-03 0.1213 3.081 E-03
C6 0.0925 2.350E-03 0.0925 2.350E-03
PELLET MODEL SIZE









C1 2.8578 7.259E-02 2.4750 6.287E-02
C2 0.2200 5.588E-03 0.4576 1.162E-02
C3 0.8558 2.174E-02 0.9570 2.431 E-02
C4 0.5412 1.375E-02 0.4048 1.028E-02
C5 2.7148 6.896E-02 2.6686 6.778E-02
C6 2.0350 5.169E-02 2.0350 5.169E-02
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TABLE B.2 : LIST OF GEOMETRY POINT COORDINATES FOR PELLETS
ACTUAL SIZE PELLETS
UNITS IN INCHES
PELLET A PELLET B
POINT COORDINATE POINT COORDINATE
X(IN) Y (IN) X (IN) Y (IN)
P1 -0.0890000 0.0000000 P1 -0.0600000 0.0000000
P2 -0.0100000 0.0887500 P2 -0.0402570 0.0444901
P3 0.0000000 0.0887500 P3 0.0060000 0.0863459
P4 0.0325530 0.0674100 P4 0.0260000 0.0863459
P5 0.0560870 0.0633490 P5 0.0612684 0.0608022
P6 0.1760000 0.0925000 P6 0.0787812 0.0578538
P7 0.1760000 0.0000000 P7 0.1921090 0.0920731
P8 -0.5000000 0.0000000 P8 0.1950000 0.0925000
P9 0.0000000 0.5000000 P9 0.1950000 0.0000000
P100 0.7500000 0.0000000 P10 -0.4840000 0.0000000
P200 0.7500000 0.5000000 P11 0.0160000 0.5000000
P300 0.1760000 0.5000000 P12 0.1950000 0.5000000
P400 0.7500000 0.0925000 P13 0.7660000 0.5000000






TABLE B.3 : LIST OF GEOMETRY CURVES FOR PELLETS
PELLET A PELLET B
CURVE POINT STRING CURVE TYPE CURVE POINT STRING CURVE TYPE
C1 P1 , P2 WALL 1 C1 P1
, P2 , P3 WALL 1
C2 P2
, P3 WALL 2 C2 P3 , P4 WALL 2
C3 P3 , P4 WALL 3 C3 P4, P5 WALL 3
C4 P4
, P5 WALL 4 C4 P5 , P6 WALL 4
C5 P5 , P6 WALL 5 C5 P6 , P7, P8 WALL 5
C6 P6 , P7 WALL 6 C6 P8 , P9 WALL 6
C7 P8 , P9 INLET 1 C7 P10 , P11 INLET 1
C8 P9 , P300 INLET 2 C8 P11 , P12 INLET 2
C9 P300 , P200 INLET 2 C9 P12 , P13 INLET 2
C10 P200 , P400 INLET 2 C10 P13 , P14 INLET 2
C11 P7
, P100 SYM 1 C11 P14 , P15 INLET 2
C12 P8 , P1 SYM 1 C12 P9 , P15 SYM 1

































































TABLE B.4 : LOCATION OF GEOMETRY POINTS ON COMPUTATIONAL GRID
PELLET A PELLET B
POINT COORDINATE POINT COORDINATE
1 J I J
P1 1 20 P1 1 20
P2 25 20 P3 24 20
P3 28 20 P4 28 20
P4 34 20 P5 34 20
P5 38 20 P6 38 20
P6 55 20 P8 55 20
P7 55 1 P9 55 1
P8 1 77 P10 1 77
P9 28 77 P11 26 77
P100 100 1 P12 55 77
P200 100 77 P13 100 77
P300 55 77 P14 100 20
P400 100 20 P15 100
1
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TABLE B.5 : GRID WEIGHTING FACTORS USED IN PELLET MODELS
PELLET A PELLET B
CURVE WEIGHTING
FACTOR
FROM TO CURVE WEIGHTING
FACTOR
FROM TO
C12 20 P8 P1 C13 20 P10 P1
11 20 P9 P3 11 20 P11 (26,20)
12 20 P300 P6 12 20 P12 P8
C10 20 P200 P400 C10 20 P13 P14
C6 10 P7 P6 C6 10 P9 P8
C13 10 P100 P400 C11 10 P15 P14
C7 2 P8 P9 C7 2 P10 P11
C9 2 P200 P300 C9 2 P13 P12
13 2 P400 P6 13 2 P14 P8
C11 2 P100 P7 C12 2 P15 P9
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WIND TUNNEL TEST DATA
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0.470 -0.051 48.6 9.75E + 04 0.11 0.46
3.477 -0.490 134.1 2.69E + 05 0.78 0.43
7.645 -1.380 202.3 4.05E + 05 0.22 0.054
EST CONDITIONS
TEMP = 538 R
PRESSURE = 30.16 IN HG
DENSITY OF AIR = .00230 SLUG/FT"3
SPHERE DIA = .333 FT
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0.479 -0.040 47.7 0.09 0.37
0.566 -0.050 51.9 0.14 0.48
1.039 -0.109 70.9 0.20 0.37
1.063 -0.113 71.8 0.24 0.43
1.914 -0.226 96.8 0.36 0.36
2.577 -0.343 113.1 0.54 0.39
3.071 -0.406 123.4 0.58 0.35
3.605 -0.493 134.0 0.70 0.36
3.691 -0.529 136.0 0.77 0.39
4.759 -0.715 154.8 0.98 0.38
4.912 -0.720 157.1 0.97 0.37
5.401 -0.808 164.9 1.07 0.37
6.382 -1.010 179.9 1.29 0.37
6.786 -1.062 185.4 1.37 0.37
7.435 -1.192 194.4 1.53 0.38
7.453 -1.191 194.6 1.54 0.38
TEST CONDITIONS
TEMP = 532 R
PRESSURE = 29.55 IN HG
DENSITY OF AIR = .00227 SLUG/FT3
PELLET DIA = .3392 FT
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0.44 -0.06 47.9 0.14 0.60
0.88 -0.12 67.7 0.16 0.34
1.47 -0.22 88.0 0.25 0.31
2.54 -0.41 116.3 0.57 0.41
3.12 -0.52 129.2 0.62 0.36
3.60 -0.62 139.1 0.83 0.42
4.12 -0.72 149.0 1.01 0.44
4.59 -0.81 157.4 1.07 0.42
5.48 -1.01 172.5 1.23 0.40
5.91 -1.10 179.3 1.22 0.37
6.45 -1.24 187.8 1.38 0.38
7.06 -1.36 196.5 1.60 0.40
7.41 -1.44 201.5 1.65 0.40
TEST CONDITIONS
TEMP = 531 R
PRESSURE = 29.44 IN HG
DENSITY OF AIR = .00227
SLUG/FT"
3
PELLET DIA = .3392 FT
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